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Soybean rust, caused by Phakopsora pachyrhizi Syd. & P. Syd., has been widely distributed throughout the tropics and subtropics of Asia for many decades (25) . More recently, the pathogen was reported in Africa (32) , South America (54) , and Hawaii (30) . Since the first report in the continental United States in 2004 (49) , the occurrence of soybean rust has been intensely monitored by various groups reporting back to a central location (50) .
The sources of resistance and the genetics of resistance of the four single dominant genes (Rpp1 to -4) to specific soybean rust isolates were reviewed (24) . In addition, Rpp5 was recently identified (11) along with a new allele of Rpp1 (12) . Resistance to P. pachyrhizi in soybean occurs when no visual lesions are observed or when red-brown (RB) lesions develop, while a susceptible response occurs when tan lesions develop (8, 9) . A number of reports indicated that these four single dominant genes (Rpp1 to -4) are not effective when challenged with different isolates of P. pachyrhizi (7, 38, 44) . For example, when each of the known resistance sources (Rpp1 to -4) were challenged with three domestic U.S. P. pachyrhizi isolates, PI200492 (Rpp1) and PI462312 (Rpp3) produced a differential response while PI230970 (Rpp2) and PI459025B (Rpp4) produced RB lesions (44) .
In order to combat pathogens, higher plants have evolved a complicated system of innate immunity that can provide a plant defense against pathogens (48) . The multilevel net of structural and chemical barriers that are both preformed (constitutive) and inducible may involve compounds that could strengthen the plant cell wall, cause a hypersensitive response (HR) and oxidative burst, and be involved in the synthesis of phytoalexins and pathogenesis-related (PR) proteins (5, 46) . To cause disease, the pathogen must successfully overcome these barriers and obstacles through modification of plant metabolism to its own benefit or by abolishing the defense responses. Little is known about the metabolic responses of soybean plants to P. pachyrhizi.
The abundance of soybean mRNAs was recently compared between the soybean Rpp2-resistant genotype PI230970 and the highly susceptible genotype Embrapa-48 after rust infection using microarray analysis, and an overrepresentation of genes associated with secondary metabolism was found (40) . The authors analyzed expression of the phenylpropanoid pathway genes that are important for plant defense and found that increased expression of selected genes of phenylpropanoid metabolism occurred 1 to 2 days earlier in PI230970 than in the susceptible plants, showing that differential gene expression occurred during those two types of interactions.
Our previous studies of soybean plant-pathogen interactions showed that soybean resistance to fungal diseases such as sudden death syndrome (SDS) was correlated with the levels of the antibiotic-like phytoalexin glyceollin, which is formed via the phenylpropanoid pathway (34) . The pathogen-inducible phenylpropanoid phytoalexins play a crucial role in plant disease resistance and they were found in many plant species, including legumes (13, 14, 29, 34, 35) . The importance of glyceollin in providing soybean resistance against Phytophthora sojae Kaufm. & Gerd. was demonstrated in different studies (1, 3, 6, 16, 22, 55) . We have found that glyceollin is also toxic to many other important soybean fungal pathogens (A. V. Lygin, C. B. Hill, O. V. Zernova, J. M. Widholm, G. L. Hartman, and V. V. Lozovaya, unpublished) .
In addition to glyceollin, lignin is a well-studied plant cell wall aromatic polymer (formed by oxidative polymerization of pcoumaryl, coniferyl, and sinapyl alcohols) that helps to provide a barrier to fungal entry into plant tissues and to the diffusion of toxins and enzymes which fungi secrete in advance of invasion to prepare or soften the plant cells for colonization (10, 18, 51) . Synthesis of antimicrobial phytoalexins and cell wall reinforcement (due to synthesis of various wall-bound phenolic compounds) is part of a plant's innate or basal resistance that helps prevent infection by most fungi.
It is important to learn what metabolic pathways in soybean plants are involved in response to Phakopsora pachyrhizi and what metabolic differences exist between infected plants with different susceptibilities to P. pachyrhizi in order to assist in the development of improved cultivars that produce more stable yields under different environmental conditions. Our present study describes how the fungus alters phenolic metabolism in plants that are highly susceptible or partially resistant to rust and which specific phenylpropanoids could inhibit fungal growth and development.
MATERIALS AND METHODS
Plant materials and inoculation. Two susceptible soybean cultivars (Williams and Williams 82) and three plant introductions (PI200492, PI230970, and PI462312) with known single genes (Rpp1 to -3, respectively) for resistance to P. pachyrhizi were tested. The experiment was a randomized complete block design (RCBD). Five soybean lines were blocked and randomized in three replications. Each experimental unit was five plants of each line, in which five seeds were sown in a 10-cm pot with three replicates (pots).
Inoculation was performed on 21-day-old seedlings. Inoculum was prepared using freshly collected urediniospores from Williams 82. Spore suspensions were made using sterile distilled water containing 0.01% Tween-20 (vol/vol), mixed, and filtered through a 100-µm cell strainer (BD Biosciences, Bedford, MA) to remove any debris and clumps of urediniospores. Urediniospores were quantified using a hemacytometer and diluted to a final concentration of 40,000 per milliliter. Inoculation was at the rate of 1 ml of spore suspension per plant and applied with a Preval sprayer (Precision Valve Corp., Yonkers, NY). After inoculation, plants were placed in a dew chamber in the dark at 22°C overnight (≈16 h) and then moved to a greenhouse bench where temperatures were maintained at 23 ± 2°C with natural light. The same solution minus spores was used for the mock inoculation on three pots of plants of each entry that were placed in another rustfree greenhouse as controls. Experiments were repeated once and performed from November 2006 through February 2007.
The first trifoliate leaves were taken 1 and 3 weeks after inoculation and soluble phenolic compounds were extracted by 80% methanol. Residues after extraction of soluble phenolics were used for preparation of cell walls.
A bulk population of P. pachyrhizi isolates used for inoculation of plants in the greenhouse was obtained from urediniospores harvested from numerous pustules on field-collected kudzu leaves in Jefferson County, MS in August 2006. The soybean rust-causal pathogen was confirmed by microscopy, enzyme-linked immunosorbent assay, and polymerase chain reactions as previously described (33) . Urediniospores were increased on susceptible soybean cv. Williams 82 in the Stoneville, MS Research Quarantine Facility.
Spore germination tests in liquid medium and on detached leaves. To test the effect of selected phenolic compounds on P. pachyrhizi spore germination, 96-well plates were prepared containing either ethanol at 100 nmol/ml (control 1) or dimethyl sulfoxide (DMSO) at 100 nmol/ml (control 2) in water and one of the phenolic compounds tested (quercetin, kaempferol, formononetin, and glyceollin at 50 to 200 nmol/ml). In each well, a 10 µl drop of ≈50 urediniospores of a single-spore stock of P. pachyrhizi isolate Florida 07-1 was dispensed. The plates were incubated in the dark at 22°C and germination recorded at 12 h after incubation. Quercetin, kaempferol, and formononetin were purchased from Indofine Chemical Company Inc., Hillsborough, NJ. Glyceollins (a mixture of glyceollins I, II, and III) were produced in bulk from soybean cotyledons infected with P. megasperma as described (3) by extraction with 95% ethanol followed by partial purification using liquid chromatography on silica gel (column size: 35 cm length and 2.5 cm in diameter). Glyceollins were eluted with 200 ml of solvent (hexane-ethyl acetate, 60:40 [vol/vol]), and the column fractions with high absorbance at 285 nm were collected. The purity of glyceollins obtained (not less than 95%) was confirmed by high-performance liquid chromatography (HPLC).
Spores of P. pachyrhizi used in spore germination tests with detached leaves were freshly collected from soybean detached leaves and suspended in 0.01% Tween 20 at 70 spores/µl. Fifteen 10-day-old Williams 82 leaves were used and each leaf was treated with fungal spores and also with one of the following phenolic compounds at different concentrations (1 to 50, 2 to 100, and 3 to 200 nmol/ml): kaempferol, formononetin, and glyceollin; plus two controls under two different conditions: pre-inoculation and postinoculation. Each treatment was a 20-µl drop containing 10 µl of spore suspension and 10 µl of phenolic compound. The first 10-µl droplet was allowed to dry and followed by the addition of the second droplet on the same spot (for pre-inoculation, the droplet with the compound was applied before the spore droplet and, for postinoculation, the spores were applied and then the compounds). Data were collected as presence of uredinia or absence of uredinia. Plates were scored starting from the day that controls showed uredinia. For analysis of urediniospore germination, the tests were an RCBD with four replications. Analyses of variance were performed with JMP (version 7; SAS Institute Inc., Cary, NC). Least square estimates of means were detransformed for presentation of rust incidence in the accompanying tables and figures.
Extraction and analysis of phenolic compounds. Soybean leaves (0.15 to 0.35 g fresh weight) fixed in 1 ml of 80% methanol were ground using mortar and pestle and the suspension was transferred to tubes to the final volume of 5 ml.
Isoflavonoids were analyzed by HPLC according to Lozovaya et al. (34) using Hypersil BDS (Alltech, Deerfield, IL), 150 by 4.6 mm, 3 µm, flow rate = 1.2 ml/min, T column = 30°C. A linear gradient composed of water (adjusted with acetic acid to pH 2.8) and acetonitrile was used. Following injection of 10 to 20 µl of sample, acetonitrile was increased from 8 to 20% over 15 min, held for 4 min, and increased to 60% over 6 min.
Glucosyl conjugates of quercetin and kaempferol were analyzed using the same system and were identified by UV spectra (λ max 255.6 nm and 355 to 358 nm for quercetin; λ max 266 nm and 346 to 348 nm for kaempferol) and by tandem mass spectroscopy (MS-MS) (data not shown). Peak areas of glucosyl conjugates were determined, combined for quercetin and kaempferol, calculated per gram fresh weight of leaf sample, and presented as a relative abundance of these compounds. The system used for liquid chromatography (LC)-MS analysis of (iso)flavonoids was a Finnigan LCG Deca XP ion trap mass spectrometer (Thermo Fisher Scientific Inc.) coupled with a 2695 Module and PDA 996 detector (Waters Corp., Milford MA). Electrospray ionization (ESI) was used. The capillary was heated to 225°C and voltage was 4.5 kV. The full-scan mass spectra of the (iso)flavonoids were m/z 100 to 1,000. Helium as collision gas was used for MS-MS and collision energy was set at 35%.
Lignin measurement. Acetyl bromide lignin in soybean leaves was determined according to Fukushima and Hartfield (21) . Alcohol insoluble residues (≈10 mg) obtained by centrifugation of samples after soluble phenolic extraction were used for lignin measurements. The lignin content of samples was calculated using the specific absorption coefficient (SAC) of 20 g -1 cm -1 for lignin and the following equation: percent lignin content = (absorbance × 100)/SAC × sample concentration (g -1 ), as described previously (47) .
RESULTS AND DISCUSSION
Changes in soluble and cell-wall-bound phenylpropanoids of rust-infected leaves. Rust infection resulted in a typical susceptible (tan) reaction in the susceptible genotypes Williams and Williams 82, while PI230970 (Rpp2) and PI462312 (Rpp3) had RB resistant reactions. No soybean rust lesions were found on PI200492 (Rpp1).
An increased accumulation of the isoflavonoids genistein ( Fig.  1) and daidzein (Fig. 2 ) occurred in leaves of almost all soybean lines tested after inoculation with the P. pachyrhizi isolate compared with the noninoculated control both 1 and 3 weeks after inoculation, and much greater increase was found 3 weeks after inoculation. However, there was not a significant difference in the genistein levels between noninoculated and inoculated leaves of PI462312 1 week after inoculation. Fungal infection often leads to transcriptional activation of phenolic biosynthetic genes and increased contents of isoflavonoids and flavonoids (53) . Although the antibiotic-like phytoalexin glyceollin was not detected in leaf samples of noninoculated control plants of all genotypes tested, we found low and similar concentrations 1 week after inoculation (when there was no visual infection on inoculated leaves in all genotypes). Glyceollin accumulated to high concentrations in rust-infected leaves 3 weeks after inoculation, especially in the resistant genotypes, indicating that this phytoalexin is involved in the plant defense response to the soybean rust pathogen (Fig. 3) . Our past studies of soybean plant-pathogen interactions showed that invasion by fungi, such as Fusarium solani f. sp. glycines (syn. F. virguliforme) (2) that causes SDS, was more aggressive in plants of genotypes that produced lower levels of the phytoalexin glyceollin and less damaging in plants of genotypes with higher levels of glyceollin in roots (34) . The concentration-dependent fungicidal effects of glyceollin on F. virguliforme have also been reported previously, (34) when we found a reduction of F. virguliforme growth after exposure to glyceollin at concentrations of 25 to 215 nmol/ml (which were comparable with those detected in the inoculated roots, 300 to 600 nmol/ml) with a response being different for different fungal isolates.
Very low concentrations of the precursor of glyceollin, daidzein, were found in noninoculated plant leaves and several-fold higher daidzein concentrations were detected in rust-infected leaves of all soybean lines tested 1 week after inoculation, and this increased further 3 weeks after inoculation (Fig. 2) . Even though the total daidzein concentration was higher in rust-susceptible genotypes Williams and Williams 82, greater accumulation of glyceollin occurred in genotypes that contained less daidzein but had better rust resistance, which could indicate more rapid conversion of daidzein to glyceollin in rust-tolerant lines. Daidzein concentrations in soybean tissues have previously been reported to essentially exceed the level required for a 50% effective dose accumulation of glyceollin (23) . One should also keep in mind that soy isoflavones are phenolic compounds that almost exclusively exist in a latent form as conjugates, β-glucosides, and β-glucoside conjugated with malonyl groups (23) . In order to interact with pathogens, these conjugates must be converted to aglycons and the β-glucosidases are a heterogeneous group of enzymes which hydrolyse β-glucosidic links of glucosides conjugates releasing glucose (26) . It is possible that the β-glucosidase activities were different in genotypes studied here, providing different concentrations of daidzein aglycon for glyceollin synthesis. It should be noted in relation to this assumption that the global microarray analysis showed that glycosyl hydrolases were among upregulated genes in soybean leaf samples inoculated to cause rust infection (42) .
We have already reported that, after inoculation with SDScausing fungus, glyceollin accumulated to much lower concentrations in roots of the SDS-susceptible cv. Spencer than in the partially resistant genotype PI567374, in spite of the fact that daidzein concentrations were higher in noninfected roots of Spencer, both in the roots of plants grown in greenhouse (34) and in hairy roots (35, 36) . These results clearly indicate that metabolic steps after daidzein control accumulation of the phytoalexin glyceollin in soybean.
Concentration of genistein in noninoculated leaves exceeded that of daidzein and notably increased in leaves of Williams and Williams 82 in response to rust infection ( Figs. 1 and 2) , although there were no significant changes of genistein concentration in other genotypes tested, so that a role of this isoflavonoid in soybean rust response remains unclear.
Our data also show that rust infection caused changes in concentrations of other phenylpropanoids in inoculated leaves. HPLC analysis of methanol extracts of soybean leaves with P. pachyrhizi gave two peaks with R t = 32.6 and 33.0 min that have the same UV spectra (λ max 249 nm) and were identical to formononetin (Fig. 4) . Intensity of the first peak was 0 to 10% that of the second peak. We assumed that these compounds were formononetin (7-hydroxy-4′-metoxyisoflavone) and isoformononetin (7-metoxy-4′-hydroxyisoflavone). Co-elution of leave extract with commercial standard of formononetin resulted in an increase in the second peak. We applied LC-MS-MS for final identification of these compounds. ESI-LC-MS of first peak (R t = 32. 
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+ , and 135 after retro Diels Alder fragmentation of formononetin. The fragment at m/z 151 could be produced from isoformononetin and the fragment at m/z 135 could result from formononetin after Diels Alder fragmentation (Fig. 4) . Thus, we identified the compound with R t = 32.6 min as isoformononetin (was present only at trace amounts in infected soybean leaves) and the compound with R t = 33.0 min as formononetin.
The isoflavonoid formononetin (Fig. 5 ) was below detectable amounts (<50 ng/g under the sample preparation conditions used here) in leaves of all noninoculated genotypes tested and in inoculated PI230970, PI200492, and PI462312 plants 1 week after inoculation; however, Williams and Williams 82 contained low levels of formononetin 1 week after inoculation and notable amounts were found in all plants 3 weeks after inoculation, with the highest concentrations being detected in Williams and Williams 82 (Fig. 5) .
Formononetin has been shown to be a biologically active compound with anti-fungal potential in different plants such as alfalfa (15) , asparagus (19) , and groundnut plants (4), but isoformononetin and formononetin are considered to be the minor inducibly formed isoflavonoids of soybean (28) , and glyceollin has been reported as the major inducible soybean phytoalexin formed from daidzein (20) . Importantly, the glyceollin concentration was multifold higher than formononetin in rust-inoculated plants in our studies and, apparently, glyceollin was more important and effective than formononetin in reduction of rust disease based on correlation between disease development and glyceollin and formononetin synthesis in genotypes studied here.
In addition, we measured concentrations of the flavonoids quercetin and kaempferol in soybean leaves and found different levels of their glucosyl conjugates in different genotypes. There was no uniform response to rust infection in flavonoid accumulation among genotypes tested (Fig. 6) . We found increased concentrations of quercetin and kaempferol in leaves of infected rust susceptible genotypes Williams and Williams 82 only 1 week after inoculation and, in all other samples, the contents of these flavonoids did not differ or were lower compared with the corresponding controls. Although flavonoids protect plants against various biotic and abiotic stresses and their increase in plants in response to various types of stresses has been reported (45), we did not see the obvious protective role of quercetin and kaempferol against soybean rust in this study because the increase of these compounds did not correlate with rust resistance.
We also found an increase in acetyl-bromide (AcBr) lignin synthesis in the rust-inoculated plants of all lines tested, with the highest levels of cell wall lignification observed in leaves of the rust-resistant genotypes, especially in PI230970, 3 weeks after inoculation ( Table 1) . The AcBr lignin content in cell walls of noninoculated plants did not change during the observation times and there were no significant differences in lignin contents between noninoculated leaves of different genotypes. Lignin is one of the most abundant biopolymers on earth, which is important for vascular plant resistance because it strengthens cell wall and protects the structural carbohydrates from microbe degradation and, thus, prevents or delays the microorganism's entry into plant cells and disease progression (10, 17, 27, 31) . The association of lignification with plant defense responses to different pathogens has been found in many studies. Plants that accumulated higher levels of lignin in their cell walls had better disease resistance (41, 52) , and application of specific inhibitors of lignification resulted in the inhibition of the hypersensitive response in wheat plants inoculated with a pathogen (Puccinia graminis) and, thus, caused the development of infection in resistant plants (39) . We also demonstrated that the SDS-causing fungus colonized roots of soybean genotypes with higher concentrations of lignin less aggressively than genotypes with lower lignin levels. Because lignin can provide a nondegradable barrier that keeps out most potential pathogens, the lignin level and composition is a major component of plant innate or basal resistance to fungi.
Microarray analysis of rust-inoculated leaves of the soybean genotype PI230970 carrying the Rpp2 gene and a susceptible genotype showed that a number of genes in the phenylpropanoid pathway are rapidly induced (12 h) and then return to normal, followed by sustained induction after 72 h, especially in PI230970 (40) . We did not find changes in phenylpropanoid levels on day 1 (data not shown) but increases could be noted by 1 and 3 weeks after inoculation, which is consistent with the expression data, showing distinct expression profiles for the resistant and susceptible genotypes only at the late infection time frame (40) .
Importantly, much greater accumulation of glyceollin and lignin in response to rust inoculation was found in genotypes PI230970 (Rpp2) and PI462312 (Rpp3) that had an RB resistant reaction to rust ( Fig. 3 ; Table 1 ) compared with susceptible genotypes. Interestingly, PI200492, which was immune to the fungal isolate tested here, accumulated glyceollin and lignin to lower concentrations than the two RB resistant genotypes but higher than susceptible Williams and Williams 82, indicating that the Rpp1 gene expression rather than induction of glyceollin and lignin synthesis provides immunity to rust infection in these experiments.
Inhibition of Phakopsora pachyrhizi spore germination by phenolic compounds. To investigate whether several phenolic compounds we measured here, glyceollin, formononetin, and kaempferol can affect Phakopsora pachyrhizi spore germination and development, we treated detached 10-day-old Williams 82 leaves with fungal spores and also with one of the selected phenolic compounds using two approaches: phenolic compounds were applied as a small drop to the same spot either before or after inoculation of the spore drop. The control leaves that were not treated with a phenolic compound showed the first uredinia formation 12 days after inoculation and all inoculated control Fig. 4 . Tandem mass spectroscopy fragmentation of A, isoformononetin and B, formononetin for identification of two high-performance liquid chromatography peaks with C, R t = 32.6 and 33.0 min that had the same UV spectra (λ max 249 nm) and were induced in soybean leaves after inoculation with Phakopsora pachyrhizi. leaves were uredinia positive 16 days after inoculation. However, all three compounds (glyceollin, formononetin, and kaempferol) almost totally inhibited rust infection when applied both pre-and post-rust-spore-inoculation (Tables 2 and 3 ). In one case, postapplication of kaempferol had a positive reaction (Table 3) , which could indicate either the ability of some spores to truly overcome the inhibitory effect of this compound or, most probably, that they must have been false positive. False positives could occur if the inoculum and phenolic droplet were not on the exact spot and, thus, the spores escaped the inhibitory effect of kaempferol.
If P. pachyrhizi spores were incubated overnight at room temperature in a medium containing the three selected phenolic compounds and quercetin at 50 or 100 nmol/ml, the spore germination was inhibited compared with the untreated controls ( Table  4 ). The greatest inhibitory effects (70 to 75% compared with the controls) were found in the presence of glyceollin, although quercetin and kaempferol also inhibited spore germination, while formonontin caused the least inhibition of spore germination. 
w R1 to R5 are replicates; + and -indicate the presence and absence, respectively, of urediniospores.
x Control 1 contained 100 µm ethanol and was used as control for formononetin and glyceollin. y Control 2 contained 100 µm dimethyl sulfoxide and was used as control for kaempferol. z Glyceollin was used as a mixture of glyceollin I (80%), glyceollin II (10%), and glyceollin III (10%) according to high-performance liquid chromatography. 
x Control 1 contained 100 µm ethanol and was used as control for formononetin and glyceollin. y Control 2 contained 100 µm dimethyl sulfoxide and was used as control for kaempferol. z Glyceollin was used as a mixture of glyceollin I (80%), glyceollin II (10%), and glyceollin III (10%) according to high-performance liquid chromatography. Collectively, these data show a much higher accumulation of glyceollin than of formononetin and the flavonoids quercetin and kaempferol in response to rust infection and a direct correlation between glyceollin levels and rust tolerance across the genotypes tested, as well as an absence of a correlation between the accumulation of formononetin and flavonoids and rust resistance. This could indicate that formononetin, quercetin, and kaempferol have little significance in the soybean plant response to rust infection despite their antifungal activity found in the spore germination tests. The isogenic genotypes Williams and Williams 82 show similar responses and are controls that reinforce the concept that formononetin, quercetin, and kaempferol are not directly involved in rust resistance.
Our results demonstrate that soybean plants respond to rust infection by induction of the synthesis of the phytoalexin glyceollin and the strengthening of the cell wall via enhanced deposition of the nondegradable aromatic polymer lignin, thus switching on these mechanisms of innate resistance. It is known that pathogens can rapidly adapt to resistance genes, reducing their effectiveness; however, the adaptation to the basal resistance in plants is much harder for pathogens to achieve. Therefore, plants with strong innate resistance (in our experiments, line PI230970) should have less disease over a longer period of time than plants with specific resistance only.
Expression of genes in response to soybean inoculation with P. pachyrhizi was recently analyzed using different soybean genotypes at different growth stages and timing of expression (40, 42, 43) . All of these experiments clearly showed that genes of the phenylpropanoid pathway and cell wall biosynthesis are rustregulated genes that are differentially expressed in inoculated leaves of susceptible and resistant genotypes, with the majority of the genes responding earlier during the infection, beginning 72 h after the inoculation time point in 3-week-old plants of resistant PI970230, than in susceptible genotype Embrapa-48 (40) . Expression profiles of several genes that are involved in glyceollin biosynthesis (PAL, CHS, IFS2, and 2′-hydroxydihydrodaidzein reductase) and lignin biosynthesis (PAL and OMT) in soybean leaves inoculated with P. pachyrhizi showed a different time course for susceptible and resistant genotypes, which could explain the higher concentrations of this phytoalexin and lignin found in our experiments in rust-inoculated leaves of resistant plants compared with susceptible plants. A number of genes, such as genes encoding Myb domain-containing proteins, peroxidaselike protein, peroxidase precursors, and cytochrome P450 hydroxylases, were present in the soybean mRNA sets and were upregulated in rust-infected leaves. These genes could be associated with synthesis of phytoalexin, lignin, and other phenolics involved in plant defense and control resistance to rust infection (40) . Interestingly, the expression profile of genes that participate in ammonium (substrate for the PAL-catalyzed reaction) transport resembled the temporal pattern of PAL gene expression and other genes of phenylpropanoid synthesis (40) , indicating that substrate availability for the initial reaction in the phenylpropanoid pathway can be important for plant defense against rust. Genes that control synthesis of glyceollin from daidzein are presently unknown, and expression of many unknown rust up-and downregulated genes has been reported (40, 42, 43) , so that some of them could be the genes that regulate the final steps of glyceollin biosynthesis. Induction of many general defense-related genes described in these publications (such as genes encoding jasmonic acid and salicylic acid biosynthesis-related proteins, protein kinases, ATP binding cassette transporters, the WRKY transcription factors, and others) could be a part of plant innate resistance in addition to phytoalexin accumulation and cell wall lignification found in our studies that could provide soybean tolerance to P. pachyrhizi.
Very little is known at present about the metabolic responses of soybean plants to P. pachyrhizi attack. Our studies indicate that an increase of synthesis of the soybean plant chemical weapons such as the antimicrobial compound glyceollin and cell-wall-fortifying compound lignin could help to improve soybean rust resistance. Thus, one way to achieve potentially higher levels of soybean resistance to rust could be genetic manipulation of metabolic events that could lead to production of glyceollin or lignin. 
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